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Herbivory and abiotic factors affect p op u l ation dynamics of Arabidopsis t h al ian a in a sand-du ne area*
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Population dynamics of the annual plant Arabidopsis thaliana ( L . ) Heynh. was studied in a natur al hab itat of this species at the coastal dunes of the Nether lands. T he main ob j ectiv e was to elucidate factor s contr olling population dynamics and the r elativ e impor tance of factor s affecting final population density. Per manent plots w er e estab lished and plants w er e mapped to ob tain data on sur v iv al and r epr oductiv e per for mance of each indiv idual, with special attention to her b iv or e damag e. I n ex per imental plots w e studied how addition of water , addition of nutr ients, ar tificial distur b ance and natur al her b iv or es affected sur v iv al and g r owth.
Mor tality was low dur ing autumn and ear ly winter and hig h at the time of stem elong ation, b etw een F eb r uar y and A pr il. A k ey-factor analysis show ed the hig hest cor r elation b etw een mor tality fr om F eb r uar y to A pr il and total mor tality. T he specialist w eev ils C e u torhy nc hu s atomu s and C . c ontrac tu s ( Cur culionidae) w er e identified as the maj or insect her b iv or es on A. thaliana, r educing seed pr oduction b y mor e than 4 0 % . T hese her b iv or es acted in a plant siz e-dependent manner , attack ing a g r eater fr action of the fr uits on lar g e plants. While mor tality r ates w er e not affected b y density,fecundity decr eased with density, althoug h the effect was small. A dding water r educed mor tality in r osette and flow er ing plant stag e. S oil distur b ance did not incr ease seed g er mination, b ut did hav e a sig nificant positiv e effect on sur v iv al of r osette and flow er ing plants. S eed pr oduction of A. thaliana populations v ar ied g r eatly b etw een year s, leading to population fluctuations, with a small r ole for density-dependent fecundity and plant siz edependent her b iv or y.
A ge ne t i c ma p of a l l f i ve c hr omos ome s of Arabidopsis thaliana i s a va i l a bl e . The l i f e -c yc l e of t hi s s pe c i e s i s ve r y s hor t a nd s e e d pr oduc t i on i s pr ol i f i c . The s e c ha r a c t e r i s t i c s expl a i n why A.thaliana i s now s o wi de l y us e d a s a mode l or ga ni s m i n pl a nt bi ol ogy . Ye t we know l i t t l e a bout i t s na t ur a l popul a t i on bi ol ogy . Popul a t i on s t udi e s on A.thaliana of f e r gr e a t pot e nt i a l f or i mpr ovi ng our unde r s t a ndi ng of t he e vol ut i on of pl a nt de f e nc e s ( Mi t c he l l -Ol ds , 2001; Koor nne e f e t a l ., 2004) . Howe ve r , t he r e l a t i on be t we e n t he popul a t i on dyna mi c s of A. thaliana and its natural herbivores is largely unknown. Most laboratory studies focused on the interaction of A. thaliana with lepidopteran larvae, which probably do not present a significant herbivory load in the field (Kliebenstein, 2004) . It would be imperative to integrate such studies with Arabidopsis'own natural herbivores and this demands more knowledge about natural populations.
Herbivores can greatly affect the performance of plants and their population densities (Crawley, 1983) . Evidence of herbivory attack on A. thaliana in the field comes from the study of Mauricio and Rausher (1997) , who quantified damage and found that herbivores exerted a strong detrimental effect on plant fitness. They did not quantify, however, which herbivore caused most damage.
Mortality during different life stages may have a different effect on plant population dynamics. Harper (1977) stressed that, when the density of seeds is such that density-dependent processes will thin the population, seed predation may simply remove seeds that have no future, and were doomed to die. If this is the case, even very high seed mortality may have negligible effects on population density. Recruitment may also be limited by the availability of suitable sites for germination, growth, and reproduction (Harper, 1977; Bergelson, 1990a,b; van der Meij den et al., 1992; Houle, 1996) . Small-scale disturbance provides a release from competition with established vegetation and may play an important role in determining the abundance of suitable microsites for germination and establishment. Several authors argued that the number of recruits is a function of both seed production and microsite availability (Klinkhamer and de Jong, 1989; Eriksson and Ehrlé n, 1992) . Again few data are available for A. thaliana. Myerscough and Marshall (1973) showed in a laboratory study that increased density of A. thaliana (strain ' Estland' ) negatively affected plant growth, mortality and fecundity. It is unknown whether such high densities, in the same life stages, are found in natural populations.
Arabidopsis thaliana is a winter annual and one would expect that, like in other winter annuals (Beatley, 1967) , conditions (water and nutrients) during peak growth in early spring are critical for its success.
The habitat of A. thaliana in Meij endel, a coastal sand dune area in the Netherlands, exists already for many hundreds of years in a similar way. One can expect that the plant co-evolved with its herbivores in this area. W e address the following questions. 1) During which life stage is mortality highest and how does this affect total mortality over the whole life span? 2) Is fecundity density dependent? 3) Which factors cause mortality in different life stages? 4) Do specialist herbivores act in a plant siz e-dependent manner? We studied demography in permanent quadrants and experimentally tested effects of factors like watering, artificial small-scale disturbance, addition of nutrients and natural herbivores on recruitment and growth.
MATERIALS AND METHODS

Habitat description
Arabidopsis thaliana (L.) Heynh. (Cruciferae) is a small annual plant originating from Europe and is now widely distributed in many parts of the northern-temperate z ones of the world (Ratcliffe, 1961) . One type of habitat of A. thaliana in the Netherlands is the coastal sand dune area. Our study site is Meijendel, north of The Hague (latitude 52º 08' N, longitude 4º 22' E). In these dunes A. thaliana grows in two different types of sites. It is locally common along roads in the old dune system that was formed between c. 3000-5000 years ago and that is still visible in the landscape as long stretches of sand that run parallel to the coast. It also occurs locally on the more calcareous new dunes that formed in top of the old soil profile c. 800 years ago. At Meijendel these new dunes cover 4 to 5 km from the beach to the inland verge. The observations in this paper only concern the latter habitat, the new dunes. Seed production in each plot was measured indirectly. We counted the number of fruits per plant in each plot. The number of seeds per fruit was estimated in May 2002 by counting the seeds on 146 individual plants, sampled adjacent to the permanent plots. Also seed predation was measured on these latter plants. This yielded an estimate of the average number of seeds per damage fruit (S d ) and seeds per undamaged fruit (S u ). The number of undamaged (u) and damaged (d) fruits together produce uS u + dS d seeds so that a fruit has, on average, S tot = (uS u + dS d ) /(d + u) seeds. Seed production per plot is then F plot S tot , in which F plot is the total number of fruits, counted in the plot.
Descriptiv e demography
Key factor
To show that mortality occurring during a certain life stage affects total mortality over life, one needs to show that its effects are not offset by other mortality factors acting later in the life of the plant. This problem can be tackled by key-factor analysis (Morris, 1959; Varley and Gradwell, 1960; Silvertown, 1982) . We define k i as the difference between the logarithm of numbers per unit area before and after its action:k i = log(N i )-log(N i+1 ), in which i is an index of the life stage. For each mortality k i is correlated with total mortality K during the life cycle of an organism (K = Σk i ). The k-factor with highest correlation with K is called the key factor (Varley and Gradwell, 1960) . The method has mainly been applied to long time series of insect populations. Here we use the method as applied by de Jong and Klinkhamer (1988) , for a single cohort monitored over one year at a large number of sites. Mortality in different stages of the life cycle can then be correlated with total mortality of the cohort at that site, from seed stage until reproduction. Used in this way, the method still indicates if mortality in a particular life stage is relevant for the number of plants that survives until reproduction at that site or that its effects are offset by other factors. To increase the data set, two control populations from an experimental study (seeds sown but without further experimental treatment) were also included in the analysis.
Density-dependence
Density-dependence was studied in the 35 permanent plots that were set up for descriptive demography. To determine density-dependent fecundity, a Spearman's rank correlation coefficient was calculated for the relation between the number of flowering plants per plot, estimated without error, and the number of fruits per plant. In the case of density-dependent mortality, a problem with this approach is that the number of seedlings is estimated with some error. This error appears both in the dependent and independent variable, which confounds the regression. It is therefore appropriate to test for proportionality between, for instance, number of seedlings (X) and number of subsequent flowering plants (Y). This test was outlined by Klinkhamer et al. (1990) and involves an F-test for deviations from slope b = 1 on a plot of log (X) versus log (Y). The same test was used to evaluate whether the number of unattacked fruits was proportional to total fruits, i.e. if attack rate of fruits depends on fruit number, estimated with some error.
Experimental demography
In an experimental field study we tested the effects of watering, artificial small-scale disturbance, addition of nutrients (in liquid form) and natural herbivores on the different life stages of A. thaliana, from seed to seed production. On 15 October we sowed 100 seeds on 13 cm × 13 cm field plots, surrounded by a plastic shield (5 cm high) to prevent seed dispersal to outside the plots by wind or rain. The seeds used in this experiment were 6 months old. By this time seeds lose dormancy and in a lab trial 90% of the seeds immediately germinated under wet conditions. Apart from a control treatment (10 plots with 100 seeds per plot) we used the following treatments:
Small-scale disturbance:disturbance performed by A) scratching the soil with a mini-rake (5 plots) and also by B) compacting the soil with foot force (5 plots).
Water:we added water per plot, except when it was raining or in December, January and February (5 plots). In October, in total 400 ml water was supplied to each plot, in November 200 ml, in March 400 ml and in April 400 ml. Average rainfall in March and April 2002 was 35.1 and 55.7 mm, respectively. Adding 400 ml water per plot in our experimental treatment is comparable to 24 mm rainfall. The dune area occasionally and unpredictably suffers from droughts in spring and summer (Noë and Blom, 1982) and has a lower nutrient soil content compared to other habitats of Arabidopsis thaliana such as inland sites. Water and nutrients are therefore probably the limiting factors for growth in this area.
Nutrients: we added Hoagland solution instead of water (5 plots). The solution contained 167 mg/l N, 31 mg/l P and 282 mg/l K (Steiner, 1968) . The volume given was the same as for the water treatment.
The number of seedlings was recorded and individual seedlings were mapped every day between the emergence of the first seedlings on 21 November and 10 December. Later the fate of the seedlings was recorded every fortnight. At the end of the growing season all experimental plants were harvested and the number of fruits was counted.
To identify which herbivores are responsible for pre-dispersal seed damage, plants were transplanted in April to each of 5 plots (5 plants per plot) covered with a net (mesh width 0.25 cm), 10 plots with a net with a smaller mesh width (0.05 cm) and 10 control plots. The net with 0.05 cm mesh width excludes among others the specialist herbivores Ceutorhynchus spp., whereas the net with 0.25 cm mesh width does not. During and after seed set plants were examined for extent and type of herbivory.
RESULTS
Descriptive demography
Census data for four populations are plotted in Fig. 1 as the mean percentage survivorship in each population. Only 1.03% of the seeds produced in the plots was observed to turn into a seedling in autumn. Despite this low germination percentage, we found a positive rank correlation between number of seeds formed in the plots in July 2002 and seedlings recruited in the following autumn (Spearman rank correlation τ = 0.397, P < 0.05). The survivorship curves showed low seedling mortality during autumn and early winter and most of the seedling mortality took place between February and April. Table 1 summarizes data on the components of reproduction in the 4 populations. The seedling population on all plots reached a maximum of 302 individuals on 1 November. The highest number of individuals in any plot was 62, while the lowest number was zero. Before 15 February 30% of the seedlings died. The major cause of seedling mortality at this time appeared to be rain-drag and erosion on bare plots situated on slopes (e.g. populations 2 and 4). Between 15 February and late April 68% of seedlings died. From late April until seed set the mortality was only 1.5%. Approximately 68% of seedlings alive in November died before flowering.
Comparison of fruit production per plant and seeds per fruit showed that the number of fruits was quite variable, averaging 6. (Table 1) . Direct observations on four populations showed that the specialist herbivores Ceutorhynchus atomus and C. contractus (Curculionidae), almost in equal numbers, were the major herbivores on Arabidopsis in this area. Table 2 shows seed production and the effect of infestation by these weevils on the number of seeds. The measured seed damage was inflicted by both adults consuming flowers and fruits and by larvae feeding on the seeds within the fruits.
Key factor analysis
Among all life stages, seedling mortality between 15 February and late April had the highest correlation with total K (Table 3) and is therefore the key factor. 
Density dependence
Plants in dense plots produced less fruits compared to plants in low density plots, indicating negatively density-dependent fecundity in these natural populations of Arabidopsis (Spearman's rank correlation, τ = -0.506, P < 0.05, Fig. 2A ). Survival from seedling to flowering plant seemed to be reduced at densities of 40-60 seedlings per plot (20 cm by 20 cm), but this result was not statistically significant (Spearman's rank correlation, τ = 0.024, P > 0.05) and such high densities are not common in our study site (Fig. 2B) . The correlation between total fruit per plant versus seeds per damaged fruit (Spearman's rank correlation, τ = 0.018, P > 0.05) and/or seeds per intact fruit (Spearman's rank correlation, τ = 0.070, P > 0.05) was not significant. Instead, we found that the number of damaged fruit increased more than proportionally to total fruits (slope on log-log plot was 1.489 which is significant greater that one, F = 16.22, P < 0.001, Klinkhamer et al., 1990) . This means that percentage damaged fruits increases with total number of fruits (Fig. 2C) . Apparently herbivores were more attracted or fed disproportionally more on fruits on large plants. Table 4 shows the effects of addition of nutrients, watering, scratching and compacting the soil on seed germination, survivorship, and seed production of A. thaliana. Applying Steiner solution had a strong significant positive effect on both seed production and survival. Water had a significant effect on seed germination and survival. Disturbance (scratching the soil) only had a significant effect on survival (ANOVA, Tukey test, P < 0.05, Table 4 , Fig 3) . Ceutorhynchus atomus and C. contractus (Curculionidae) were responsible for seed and fruit damage in A. thaliana. These weevils TABLE 4. The effects of artificial disturbance, watering and addition of nutrients on seed germination, survival and seed production per plant for Arabidopsis thaliana (mean values per plot ± SE). The values in each treatment, followed by a different character are significantly different (ANOVA, Tukey test, P < 0.05).
Experimental demography
Seed germination (%)
Survival (%) Seed production Nutrients and water 10.4 ± 1.6 a 74.2 ± 8.7 a 936.0 ± 318.7 a n = 5 W ater only 11.0 ± 3.1 a 85.8 ± 6.3 a 151.9 ± 48.1 b n = 5 Scratched soil 3.0 ± 0.6 b 72.0 ± 11.6 ab 342.5 ± 234.9 ab n = 5 C ompacted soil 1.7 ± 0. had a strong detrimental effect on seed production. Plants protected by a net that excluded the beetles, produced 2417 seeds (SE = 219), significantly more than the 1450 seeds (SE = 131) produced by plants that experienced natural damage by these weevils (ANOVA; F = 14.318, df = 1, P < 0.001).
DISCUSSION
In which lif e stage does mortality occur and how does it af f ect f inal population density? Rosette mortality between February and the beginning of bolting in April was most important for the success of the 2002 cohort. Mortality during this stage was the key factor and had a major affect on total population density. Mortality in the seed stage was of less importance for final density. Some mortality during this stage was due to predation before seed dispersal. However, more work needs to be done to explore post-dispersal seed mortality in A. thaliana.
Does reduction of the number of seeds affect plant densities in subsequent stages? Our results showed that seedling recruitment is to some extent seed-limited since plots with more seeds contained more seedlings. This indicates that the presence of the weevils can reduce seedling recruitment.
In addition, recruitment can be limited by availability of suitable sites for germination, growth and reproduction (Harper, 1977; Bergelson, 1990a,b; Houle, 1996) . Microsite limitation may be due to seed germination requirements (e.g. light, moisture, etc.) and/or to competitive exclusion of seedlings by existing vegetation (Juenger and Bergelson, 2000) . We tested these two possibilities experimentally by adding water and by providing two kinds of disturbances (scratching and compacting soil). The results showed that water addition had a significant effect on seed germination but scratching, which resulted in removal of some vegetation, and making the soil more compact, did not. This suggests that germination was not inhibited by existing vegetation.
Seeds that did not germinate due to microsite limitation can potentially be incorporated into the seed bank. Thompson and Grime (1976) studied the composition and dynamics of the seed bank in a range of vegetation types in northern England. They indicated that A. thaliana belongs to the group of plants with many seeds that ger-minate in the year of release and with few seeds that become incorporated into a persistent seed bank.
The survivorship curve for Arabidopsis thaliana is similar to that found for a variety of other autumn-germinating annuals (Beatley, 1967; Mack, 1976) . This pattern of survivorship has also been found in populations of plants that grow in open but predictable habitats (Silvertown, 1982) . It is however difficult to generalise about survivorship for particular species (Watkinson and Davy, 1985) as mortality may vary between cohorts (Watkinson, 1981; Keddy, 1982; Jefferies et al., 1983) , between sites (Jefferies et al., 1981) and may depend on density (Keddy, 1981) . Density is of particular importance since it has important consequences for the natural regulation of A. thaliana populations. In consistence with the above-mentioned studies, the manipulation of factors like water, nutrient and two kinds of disturbance in experimental demography showed the importance of these factors on survivorship curve.
Is fecundity density-dependent? Myerscough and Marshall (1973) showed in a laboratory study that increased density negatively affected overall plant performance. Growth, mortality, and fecundity of A. thaliana (strain Estland) were all negatively affected by density. We also found negative density dependence in fecundity, between the number of flowering plants and the number of fruits per plant. Similarly, Watkinson and Davy (1985) found a negative density-dependent relationship between reproductive output and the density of surviving plants from three habitats. Also for Cakile edentula (Keddy, 1981 (Keddy, , 1982 , Salicornia europaea (Jefferies et al., 1981) , Vulpia fasciculata (Watkinson, 1978c) and Vulpia ciliata ssp. ambigua (Carey et al., 1995) plant performance was always higher amongst the sparse vegetation of the pioneer zone than in more densely vegetated areas. We did not find density-dependent mortality but instead our results indicate competitive interactions between A. thaliana and other plant species since disturbance (scratching the soil) significantly increased survival of rosette and flowering plants and production of seed.
Which factors cause mortality in different life stages?
Survival from seedling to flowering plant was significantly correlated with soil water content. Water was especially important during late March and April, at the time of stem elongation. Whether moisture in the soil at this time is adequate to meet the demands of the winter annual population depends mainly upon precipitation. Comparison of average rainfall for February, March and April in 2002 (119.9, 35 .1 and 55.7 mm) and for the same months in 2003 (21.0, 9.7 and 39.5 mm) with fruit production and seed production (Table 1) indicates the positive correlation between these traits and precipitation. Beatley (1967) , similar to our results, also found in a study of survival of 53 taxa of winter annuals that mortality happened in March, the period of stem elongation, and was strongly correlated with precipitation.
Our results showed that Ceutorhynchus atomus and C. contractus (Curculionidae), as natural herbivores of Arabidopsis thaliana, reduce significantly the production of viable seeds. These inflorescence feeders had a strong detrimental effect on seed production. The effect of predation on population density is probably buffered by a persistent seed bank (Baskin and Baskin, 1983; Thompson and Grime, 1976 ) and density-dependent fecundity.
Do specialist herbivores act in a plant size-dependent manner? At the individual plant level, we showed that herbivores act in a plant size-dependent manner. This indicates that variation in individual fecundity results in differential seed predation among A. thaliana plants. The potential consequences of seed predation at the individual level are more interesting but less widely explored. Particularly when seeds are immature and still retained on the parent, adult characters such as fecundity, timing of seed production, and spatial location may influence the severity of predispersal predation on different individuals (Moore, 1978a) . If herbivory acts in a density or plant size-dependent manner then it will contribute to the regulation of the plant population and influence the size distribution within population (Ehrlén, 1995) . Changes in plant size can alter the competitive relationships between individuals where competition is intense (Harper, 1977) .
Many of the secondary metabolites in plants acts as defense against herbivores and it is often postulated that these compounds have evolved under selective pressure from insect herbivory (Ehrlich and Raven, 1964) . Some studies have shown that total glucosinolate concentration in A. thaliana is under active selection pressure by insects (Mauricio and Rausher, 1997) . Mauricio and Rausher measured rosette damage. We observed the damage of several thousands of plants during this experiment and during two subsequent growing seasons. We found that rosette damage was always low (2-5%) and the cause of damage was unknown. This indicates that Arabidosis thaliana in this area does not have important specialist or generalist leaf-eating herbivores. Instead, the weevils have a strong effect on seed production of A. thaliana and are therefore probably the most important agents of selection for the evolution of defense mechanisms in the Dutch sand dunes.
To sum up, density of A. thaliana in our area depends on many factors. Mortality in the seed stage through predation is probably not so important for total mortality. Mortality of rosettes is the key factor: low mortality in this stage corresponds most closely with low mortality over the entire life of the plant. When more plants survive to reproduce, this results in reduced seed production per plant, but this effect is only slight. Also large plants suffer slightly more from seed herbivory. Climate factors in early spring, especially water, have considerable impact at all stages and cause two fold differences per capita seed production between years.
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